A method and an apparatus to measure the^-potential of bubbles has been developed. The apparatus is of microelectrophoresis type. Small bubbles of 20-40/im in diameter are generated by pressure reduction of a solution containing dissolved air and are introduced into an electrophoresis cell of 0.972 mmthickness. As the movementof the bubbles is followed over 4 seconds in this arrangement, the measurement error due to the rapid rising of the bubbles can be considerably decreased. The bubbles were positively charged in a cationic surfactant solution of cetyltrimethylammonium bromide (CTAB)and the charge decreased with increasing electrolyte concentration in the solution. In an anionic surfactant solution of sodium dodecyl sulfate (SDS), both the bubbles and oil particles were negatively charged. But, by the addition of A12(SO4)3, the oil particles maintained their negative charge while the charge of the bubbles was changed to positive. The situation of the attaching of oil particles to bubbles was observed photographically.
Introduction
The electrical charge on air bubble surfaces is an important factor in estimating the removal performance of suspended particles in liquid by the air flotation method. But no reliable data of surface charge have been reported, because the method and apparatus to measure it have been inadequate. The first study of the surface charge of bubbles was done by Quincke.7) He investigated the movement of an air bubble in a glass capillary tube and found that the bubble movedto the anode in water whendirect voltage was applied to the tube. Then several workers, such as McTaggart and Alty, measured the surface charge or (-potential of bubbles.1~3'6~9) These previous studies may be divided into two groups according to the method of measurement. In one group, the bubbles were introduced in an electrophoresis cell by pressing air through a fine hole in a capillary tube and the electrophoretic velocity of bubbles was measured while passing between two electrodes.1'6~8) However it was very difficult to obtain reliable data because the bubble sizes were very large (larger than 100/mi), and therefore the electrophoretic velocity of the bubbles were very small compared with the rising velocity of the bubbles. In the second group, the bubbles were generated in the cell by electrolysis,2'3) and the sizes were smaller than 50^m. Therefore, the defects described above may be much reduced. However, there were several limitations. The methodcould be used Received January 13, 1986 . Correspondence concerning this article should be addressed to K. Okada.
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In addition, there is another method to measure the surface charge of bubbles by means of the Dorn potential, or the sedimentation potential.9) Thus several methods have been attempted to measure the surface charge of bubbles. Nevertheless, no useful data have been reported because of the difficulties of introducing small bubbles into the cell or measuring the electrophoretic velocity of bubbles. In this study, a method to introduce small bubbles of 20-40 fim into an electrophoresis cell is described and an apparatus is developed to measure accurately the C-potential of bubbles. Also, the (^-potential of bubbles was measured in several surfactant and electrolyte solutions by using this method and apparatus.
Experimental
A schematic diagram of the experimental apparatus for measuring^-potential of bubbles is shown in Fig.  1 . The apparatus is of micro-electrophoresis type and C-potential is determined by measuring the electrophoretic velocity of bubbles. The system of the apparatus consists of a microscope, an electrophoresis cell, a video camera, a recorder, a monitor, and a pressure vessel by which small bubbles are generated.
The electrophoresis cell is a quartz glass cell rectangular shape, with internal dimentions of of 0.972mm (thickness), 23.0mm (width) and 73.0mm electroosmotic flow is generated in the cell.5) The measurement of^-potential of bubbles must be carried out without being influenced by it. In such a vertical arrangement of the cell, it is advantageous that the bubbles rise on the position where the electroosmotic flow is zero. This position is known as a "stationary level". Capillary glass tubes are connected to the top and the bottom of the cell to introduce and discharge the bubbles. A direct voltage is applied between two electrodes (Pt-electrode) which are attached at both side of the cell (see Fig. 2 ). In this study, electric fields of 2-5 V/cm are applied between the electrodes. The movement of the bubble in the electric fields is recorded by the video recorder and is played back precisely with slow speed of 1/30 on the monitor. This situation of playback is also shown schematically in Fig. 1 . Whenthe voltage is applied, the vertically rising bubble moves in the horizontal direction due to its charge. This horizontal movement of the bubble is measured by means of a micrometer attached in an eye lens of the microscope. However, if the cell is fixed on the microscope stage, even a small bubble of 20-40/mi disappears from the field of view of the microscope within 1 second. Onthe other hand, as the cell can be moved vertically by turning a screw (A) of the microscope stage in this apparatus, the movementof bubbles can be followed over about 4 seconds. Also, a filter is used to prevent heat transfer from the source of light. The experiment was carried out at constant temperature.
It is very difficult to introduce the bubble into the thin cell of 0.972mmthickness. Details of bubble introduction in this study are shown in Fig. 2 . Air is first dissolved into a solution in the pressure vessel at an elevated pressure of 5 Kg/cm2 and kept for about one hour. When Cock 1 is opened to reduce the pressure in the vessel, small bubbles are generated in section (LI) of the glass tube. At this time Cock 2 is opened to pathway A and most bubbles discharge through it. Immediately after Cock 1 is closed, Cock 2 is opened to pathway B and the bubbles in section LI moveinto section (L2) of the glass tube. As soon as it is confirmed that the bubbles have movedinto section L2, Cock 2 is closed. There is anozzle in section L2 to suppress the disturbance of bubbles being introducing into the cell. The diameter of the fine point of this nozzle is the same size as the thickness of the cell, so that bubbles of 20-40 jam can be introduced over the thickness of the cell.
Results and Discussion
As described above, electroosmotic flow is generated in the cell by appling a voltage between the sides of the cell and influences the measurement of the £-potential of bubbles. Therefore, it is necessary to examine its effect in our cell.
In the vertical arrangement of the cell shown in Fig.  1 , the observed electrophoretic velocity, uob, is the sum of the electroosmotic velocity, ue, and the electrophoretic velocity, up, of the particle itself, and is expressed as follows:
Wecall uob an apparent electrophoretic velocity. As ue equals zero at the stationary level, Eq. (1) (1) is integrated over the thickness of the cell and, provided the cell is a closed system, ue is expressed as:
where D is a dimensionless cell thickness. Figure 3 shows the experimental results of the distribution of uob in our cell. As the bubble rises in the center of the cell, uob was examined at points a, b, c shown in an additional figure of the cell in Fig. 3 .
Point a is the midpoint of the cell and points b, c are ±5.0mmabove and below point a. Kaolin particles suspended in water were used. Their density was 2.52g/cm3 and the mean particle diameter was 3.32/mi. In Fig. 3 , the ordinate shows the dimensionless cell thickness, D, and the abscissa shows uob, and ue calculated from Eq. (3).
It is found that the data of uob at point a coincide with those at points b and c. The solid line in Fig. 3 was determined by the least square method from these data. This line was approximated by the equation of uob= l55D2-0.621D-23.2.
From the line, ue could be calculated by using Eq. (3). The dotted line in Fig. 3 shows the distribution of ue. The stationary level of our cell can be determined from the value of D at ue=0. The values were D=0.290 and D=-0.286. As shown in Fig. 3 , the stationary levels almost exist in almost symmetrical positions from the center of the cell. These results mean that the stationary level does not change between points b and c. The stationary level of our cell was determined by averaging these values (D= ±0.288). Accordingly, as long as the measurement of £-potential of bubbles is carried out at this level, the influence of the electroosmotic velocity can be neglected. The experimental result for the bubbles is shown in Fig. 4 . Aqueous cationic surfactant cetyltrimethylammonium bromide (CTAB) solution (5x lO~5mol/ dm3) was used, and ethanol (0.5vol%) and Na2SO4
( 1 x 10~4mol/dm3) were added to this solution. As the bubbles are introduced into the cell in a swarm, it seems likely that the distribution of ue is disturbed by the motion of the bubbles. The data in Fig. 4 show the experimental result of uob for bubbles when fifty or sixty bubbles were introduced into the cell at a time. The solid line was determined by the least square method from these data. The line was approximated by the equation of uoh= -133Z)2-0.17/)+23.1.
The dotted line in Fig. 4 shows the distribution of ue calculated by the equation of uob.
The stationary level was determined from the line of ue by the method described above. These values were D=0.289 and -0.288. It is found that the values of these stationary levels agree well with those of Kaolin particles. Accordingly, it is found that when up to fifty or sixty bubbles are introduced into the cell, the distribution ofue is not disturbed by the motion of these bubbles, and that the stationary level does not change as the bubble is followed. Figure 5 shows an example of the experimental results of electrophoretic distance, L, and time, t, for bubbles using the same solution as that of Fig. 4 . Although the empty circles and closed circles show the results when voltage was applied in opposite directions, these data agree well. A value of wp=8.75/mi/s was calculated from these data.
The C-potential was calculated as follows. In the case of kv>25, the £-potential is expressed as where k is the reciprocal of the thickness of the electrical double layer on the bubble surface, A is the cross-sectional area of the cell and / is the current passed through the cell, k is given as: {2e2jVlT000 C)}0 5Â s kt>31 in this experiment, 4 of the bubble can be calculated by Eqs. (4)-(6). From the data shown in It is also found that our data agree well with the experimental results of Collins et al. carried out in the same conditions. Furthermore, other types of surfactant and electrolytes were used. Sodium dodecyl sulfate (SDS), an anionic surfactant, was used in concentration l x l(T4mol/dm3, and NaCl, CaCl2 and A12(SO4)3 electrolytes were added, respectively. In the absence of the electrolytes, the bubble was strongly negatively From these results, it is found that £ depends on the species and the ion valencies of electrolytes, and that the positive charge may be a result of the specific adsorption of Al+3 ion on the surface of the bubble. The decrease of negative charge may be due to depression of the electrical double layer by Na+ and Ca+2 ions. In Fig. 7 , the values of ( of oil particles suspended in the same solutions are also shown. The particles were heavy oil particles (B-type) and the mean particle diameter was 2 /im. The (-potential also decreases with increasing C, but the signs of £ are all negative. Accordingly, it is expected that when oil particles approach the bubbles, they will repel each other in solutions containing NaCl or CaCl2 electrolytes. But in the solution containing A12(SO4)3 electrolyte they will attach. To confirm this assumption, the situation of attaching of the oil particles to the bubbles was observed photographically. Figure 8 shows a photograph of the attaching of oil particles to bubbles in the cell. It is observed that several oil particles attach to the surface of two bubbles. From this result, it is confirmed that the bubbles are positively charged and the oil particles are negatively charged by the addition of A12(SO4)3 electrolyte.
Conclusion
A method and an apparatus to measure the £-potential of bubbles was developed. Small bubbles of 20-40jum in diameter were introduced into an electrophoresis cell of 0.972mm thickness. The distribution of electroosmotic velocity, ue, in the cell was examined and it was shownthat the electrophoretic velocity, up, of the bubble can be measured without being influenced by ue. The movement of the bubble over 4 seconds was observed by moving the cell vertically.
The (^-potential of bubbles measured in cationic surfactant (CTAB)solution was positive charge, its amount decreasing with increasing electrolyte concentration. In anionic surfactant (SDS), the £-potentials of bubble and oil particle were negative charge, but on the addition of A12(SO4)3 electrolyte the £-potential of the bubble changed to positive charge.
The situation of bubbles-oil particles attachment was observed photographically, and it was found that thê -potential of bubbles was an important factor in air 9) Usui, S. and H. Sasaki: J. ColloidInterface ScL, 65, 36 (1978) .
